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Voltage-dependent K� (Kv) currents in macrophages are
mainly mediated by Kv1.3, but biophysical properties indicate
that the channel composition could be different from that of
T-lymphocytes. K� currents in mouse bone marrow-derived
andRaw-264.7macrophages are sensitive to Kv1.3 blockers, but
unlike T-cells, macrophages express Kv1.5. Because Shaker
subunits (Kv1)may formheterotetrameric complexes, we inves-
tigated whether Kv1.5 has a function in Kv currents in macro-
phages. Kv1.3 and Kv1.5 co-localize at the membrane, and half-
activation voltages and pharmacology indicate that K� currents
may be accounted for by various Kv complexes in macrophages.
Co-expression of Kv1.3 and Kv1.5 in human embryonic kidney
293 cells showed that the presence of Kv1.5 leads to a positive
shift in K� current half-activation voltages and that, like Kv1.3,
Kv1.3/Kv1.5heteromers are sensitive to r-margatoxin. In addition,
bothproteinsco-immunoprecipitateandco-localize.Fluorescence
resonance energy transfer studies furtherdemonstrated thatKv1.5
and Kv1.3 form heterotetramers. Electrophysiological and phar-
macological studies of different ratios of Kv1.3 and Kv1.5 co-
expressed in Xenopus oocytes suggest that various hybrids
might be responsible for K� currents in macrophages. Tumor
necrosis factor-�-induced activation of macrophages increased
Kv1.3 with no changes in Kv.1.5, which is consistent with a
hyperpolarized shift in half-activation voltage and a lower IC50
for margatoxin. Taken together, our results demonstrate that
Kv1.5 co-associateswithKv1.3, generating functional heterotet-

ramers inmacrophages. Changes in the oligomeric composition
of functional Kv channels would give rise to different biophysi-
cal andpharmacological properties, which could determine spe-
cific cellular responses.

Voltage-dependent potassium channels (Kv)10 have a crucial
function in excitable cells of determining resting membrane
potential and controlling action potentials (1). In addition, they
are involved in the activation and proliferation of leukocytes
(2). Functional Kv complexes are formed by four transmem-
brane� subunits and up to four cytoplasmic� subunits (3). The
mammalian Shaker family (Kv1) contains at least eight different
genes (Kv1.1–Kv1.8), coding for � subunits, which form func-
tional homo- and heterotetrameric complexes. Thus, Kv1 pro-
teins can assemble promiscuously, yielding a wide variety of
biophysically and pharmacologically distinct channels (4, 5).
However, although a number of studies have demonstrated that
specific Kv heteromeric complexes predominate in nerve and
muscle,many other possible combinations go undetected (6, 7).
Therefore, this mechanism of channel assembly may underlie
some of the functional diversity of potassium currents found in
the brain and the cardiovascular system.
Bone marrow-derived macrophages (BMDM) are fully dif-

ferentiated cells. In response to different growth factors and
cytokines, macrophages can proliferate, become activated, or
differentiate. These cells have a key function at inflammatory
loci, where they arrive 24–48 h after lesion and remain until
inflammation disappears. However, the persistence of macro-
phages at inflammatory loci is associated with the pathogenesis
of a wide range of inflammatory diseases. Kv are tightly regu-
lated during proliferation and activation in macrophages, and
their functional activity is important for cellular responses (8).
Proliferation and activation trigger an induction of the outward
K� current that is under transcriptional and translational con-
trol (8). Several lines of evidence indicate that post-transla-
tional events are involved in Kv regulation. In this context,

* The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 These authors contributed equally to this work.
2 Holds a fellowship from the Universitat de Barcelona.
3 Supported by a fellowship from the Fundació Marató TV3.
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assigning specific K� channel clones to native currents is diffi-
cult, since this complexity is further enhanced by heteromul-
timeric assembly of differentKv subunits. Lymphocytes express
several voltage-dependent K� currents (n, n�, and l-type chan-
nels). Although Kv1.3, the major Kv channel in leukocytes, is
associated with the n-type channel and Kv3.1 accounts for the
l-type, the proteins responsible for then�-type are unknown (2).
Electrophysiological properties such as activation and inactiva-
tion of Kv1.3 expressed in T-cells and heterologous expression
systems (Refs. 9 and 10 and references herein) are significantly
different from those described in macrophages (8, 10, 11). In
addition, unlike T-lymphocytes, brain and bone marrow mac-
rophages also express Kv1.5 (8, 10, 11–15). Kv1.3 and Kv1.5
differ in their biophysical and pharmacological properties and
show distinct regulation in a number of cell types (8, 16–18).
Thus, different K� channel subunit composition could lead to
specific alteration of cellular excitability, thus determining spe-
cific cell responses.
The aim of the present study was to explore whether Kv1.5

has a function in the major voltage-dependent K� current in
macrophages. Our results suggest that Kv1.5 co-associates with
Kv1.3, generating functional Kv1.3/Kv1.5 heterotetrameric
channels. Upon different physiological stimuli, changes in the
oligomeric composition of functional Kv could have a crucial
effect on intracellular signals, determining the specific macro-
phage response.

EXPERIMENTAL PROCEDURES

Animals and Cell Culture—BMDM and Raw 264.7 macro-
phages, human embryonic kidney 293 (HEK-293) cells, EL-4 T
cell line, and Xenopus laevis oocytes were used. BMDM from
6–10-week-old BALB/c mice (Charles River Laboratories)
were isolated and cultured as described elsewhere (8). Briefly,
animals were killed by cervical dislocation, and both femurs
were dissected with adherent tissue removed. The ends of
bones were cut off, and the marrow tissue was flushed by irri-
gation with medium. The marrow plugs were passed through a
25-gauge needle for dispersion. The cells were cultured in plas-
tic dishes (150 mm) in Dulbecco’s modified Eagle’s medium
containing 20% fetal bovine serum and 30% L-cell-conditioned
media as a source of macrophage-colony stimulating factor.
Macrophages were obtained as a homogeneous population of
adherent cells after 7 days of culture andmaintained at 37 °C in
a humidified 5%CO2 atmosphere. Raw 264.7macrophages and
EL-4 and HEK-293 cells were cultured in Dulbecco’s modified
Eagle’s medium culture media containing 10% fetal bovine
serum supplemented with 10 units/ml penicillin and strepto-
mycin and 2 mM L-glutamine. Cells were grown in 100-mm
tissue culture dishes for sample collection and on non-coated
glass coverslips for electrophysiology and confocal imaging. In
some experiments Raw 264.7 cells were incubated with 100
ng/ml recombinant TNF-� (PrepoTech E) for 24 h. All animal
handling was approved by the ethics committee of the Univer-
sity of Barcelona and was in accordance with European Union
regulations.
RNA Isolation and RT-PCR Analysis—Total RNA from tis-

sues (brain, liver) and cell lines was isolated using the Tripure
isolation reagent (Roche Diagnostics). To avoid DNA contam-

ination, the obtained RNA was treated with DNase I, and addi-
tional PCR controls were performed in the absence of reverse
transcriptase. Ready-to-Go RT-PCR beads (Amersham Bio-
sciences) were used in a one-step RT-PCR reaction. Total RNA
andKv1.3 andKv1.5 primerswere added to thebeads as described
(8, 11, 19). Forward and reverse oligonucleotide sequences and
accession numbers were as follows: Kv1.3 (accession number
M30441; forward, 5�-CTCATCTCCATTGTCATCTTCTGA-3�,
base pairs 741–765; reverse, 5�-TTGAAGTTGGAAACAAT-
CAC-3�, base pairs 1459–1440); Kv1.5 (accession number
AF302768, forward, 5�-GGATCACTCCATCACCAG-3�, base
pairs 3003–3020; reverse, 5�-GGCTTCCTCCTCCTTCCTTG-
3�, base pairs 3337–3320). The RT reaction was initiated by incu-
bating themixtureat42 °C for30min.Once the first-strandcDNA
was synthesized, the conditionswere set for further PCR: 92 °C for
30 s, 58 °C for 1 min, and 72 °C for 1 min. These settings were
applied for 30 cycles.
Protein Extracts, Immunoprecipitation, and Western Blot—

Cells were washed twice in cold phosphate-buffered saline
(PBS) and lysed on icewith lysis solution (1%Nonidet P-40, 10%
glycerol, 50 mmol/liter HEPES, pH 7.5, 150 mmol/liter NaCl)
supplemented with 1 �g/ml aprotinin, 1 �g/ml leupeptin, 86
�g/ml iodoacetamide, and 1mMphenylmethylsulfonyl fluoride
as protease inhibitors. To obtain enriched membrane prepara-
tions, homogenates were centrifuged at 3,000 � g for 10 min,
and the supernatant was further centrifuged at �150,000 � g
for 90 min. The pellet was resuspended in 30 mM HEPES, pH
7.4, and protein content was determined by Bio-Rad protein
assay. Samples were separated into aliquots and stored at
�80 °C.
Crude membrane protein samples (50 �g) were boiled in

Laemmli SDS loading buffer and separated on 10% SDS-PAGE.
They were transferred to nitrocellulose membranes (Immo-
bilon-P, Millipore) and blocked in 5% dry milk-supplemented
0.2% Tween 20 PBS before immunoreaction. Filters were
immunoblotted with antibodies against Kv1.3 (1/200,
Alomone) and Kv1.5 (1/500, Alomone). As a loading and trans-
fer control, a monoclonal anti-�-actin antibody (1/5000,
Sigma) was used. The specificity of Kv1.3 and Kv1.5 commer-
cial antibodies was tested with control antigen peptides pro-
vided by the manufacturer.
For immunoprecipitation studies, membrane pellets were

resuspended in 1% Triton, 10% glycerol, 50mMHEPES, pH 7.2,
150 mM NaCl incubated in the presence of protein A-Sepha-
rose, and pelleted. Supernatants incubated overnight with anti-
Kv1.3 antibody (Alomone) were further incubated with protein
A-Sepharose, washed with 0.1% Triton/PBS, and centrifuged.
Pellets were re-suspended in Laemmli SDS-loading buffer,
boiled at 95 °C, and separated on 8% SDS-PAGE. To detect
immunoprecipitated Kv1.5, an anti-Kv1.5 antibody (1/250)
produced and characterized in the Tamkun laboratory was
used. Densitometric analysis of the filters was performed by
Phoretix software (Nonlinear Dynamics). Results are the
mean � S.E. of each experimental group.
DNA Constructs, Cell Transfection, and Microinjection—Rat

Kv1.3 cDNA, kindly donated by T. C. Holmes (New York Uni-
versity), was amplified by PCR and ligated into pEYFP-C1
(Clontech) by using BglII and HinDIII restriction sites. Human
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Kv1.5 cDNA was amplified by PCR and ligated into pECFP-C1
(Clontech) by using BglII and EcoRI. Both constructs were ver-
ified by sequencing.
Raw 264.7 and HEK cells were grown on glass coverslips in

35-mm dishes, and transient transfection was performed using
Lipofectamine 2000 (Invitrogen) to near 80% confluency.
Twenty-four hours after transfection, cells were washed with
PBS, fixed, and mounted with Aqua Poly/Mount from Poly-
sciences, Inc.
X. laevis oocytes were prepared and injected by standard

methods.Mature female frogs were purchased from the Centre
d’Elevage de Xenopes (Montpellier, France). Animals were
anesthetized in cold distilled water containing 1.7 g/liter tric-
aine(ethyl 3-aminobenzoate methanesulfonic acid; Sigma).
Ovarian sacs were extracted by sterile surgical procedures and
placed in sterile Barth’s solution (88 mM NaCl, 1 mM KCl, 0.33
mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 2.40 mM
NaHCO3, and 20mMHEPES at pH 7.5 supplementedwith pen-
icillin 100 IU/ml and streptomycin 0.1 mg/ml). Oocytes at
stages V and VI were dissected out and kept at 15–16 °C in
sterile Barth’s solution.
Full-length Kv1.3 and Kv1.5 were subcloned into pcDNA3.

cRNAs were generated with T7 RNA polymerase by using the
mMESSAGE mMACHINE kit according to manufacturer’s
instructions (Ambion). Oocytes were injected with 10 ng of
Kv1.3 or Kv1.5 of in vitro transcribed cRNAs to form homotet-
ramers. Heterotetramers were expressed in oocytes injected
with 10 ng of total cRNA of Kv1.3 and Kv1.5 in the proportions
of 1:1, 3:1, and 1:3 using a Variable Nanoject (Drummond Sci-
entific Co). Twenty-four hours after injection, the follicular cell
layer was partially removed by incubation for 30 min with 0.25
mg/ml type-1A collagenase (Sigma). Oocytes were maintained
at 15–16 °C in sterile Barth’s solution, and recordings were
made 3 days later.
Confocal Imaging and Fluorescence Resonance Energy Transfer

(FRET) Experiment—Transient transfected cells were fixed with
4% paraformaldehyde, PBS for 10 min. Acceptor photobleaching
methodwasused tomeasure theFRET. Fluorescent proteins from
fixed cells were excited with the 458-nm or the 514-nm lines by
low excitation intensities and 475–495-nm bandpass and
�530-nm longpass emission filters, respectively. Subsequently,
YFPproteinwas bleachedbyusingmaximum laser power, obtain-
ing around 80% of acceptor intensity bleaching. After photo-
bleaching images of the donor and acceptor were taken, FRET
efficiency was calculated as ((FCFPafter � FCFPbefore)/FCFPafter)�
100, where FCFPafter is the intensity of fluorescence of donor
after bleaching, and FCFPbefore is before bleaching. Loss of
fluorescence intensity was corrected by measuring CFP
intensity in the non-bleached part of the cell. The FRET
values are expressed as the means � S.E. of n � 10 cells for
each population.
Electron Microscopy—Cells were fixed in 4% paraformalde-

hyde, 0.2% glutaraldehyde in PBS for 30 min at room tempera-
ture and then replaced with 2% paraformaldehyde, 0.1% glutar-
aldehyde in PBS overnight at 4 °C. Fixation was removed by
washing with 0.02 M glycine in PBS. Cells were scraped and
collected in Eppendorf tubes with 12% gelatin. After solidifying
on ice, gelatin blocks were infiltrated in 2.3 M sucrose in PBS

overnight at 4 °C. Blocks were frozen in liquid nitrogen. Ultra-
thin cryosections were obtained using Leica ULTRACUT EM
FCS at �118 °C and subjected to immunogold labeling. Cryo-
sections were incubated at room temperature on drops of 2%
gelatin in phosphate buffer for 20 min at 37 °C followed by 50
mM glycine in PBS for 15min and 5% normal goat serum in PBS
for 10 min. Then they were incubated with anti-Kv1.5 or and
anti-Kv1.3 polyclonal antibodies in 5% normal goat serum in
PBS for 30 min. After 3 washes with drops of 5% normal goat
serum in PBS for 20 min, sections were incubated for 60 min
using IgG anti-rabbit coupled to 10-nm or to 15-nm diameter
colloidal gold particles (Aurion) using a 1:60 dilution in 5%
normal goat serum in PBS. This was followed by 3 washes with
drops of PBS for 10 min and 2 washes with distilled water. As a
control for nonspecific binding of the colloidal gold-conjugated
antibody, the primary polyclonal antibody was omitted. Finally,
the cryosections were contrasted and embedded in amixture of
methylcellulose and uranyl acetate. At the double immunogold,
an immunolabeling with one of the primary antibodies was
done. In the first immunolabeling procedure we used the sec-
ondary antibody conjugated with the small gold (10 nm). Then
the inactivation of the anti-IgG binding sites, using 3%
paraformaldehyde, 2% glutaraldehyde in PBS for 2 h, was per-
formed (20). After inactivation the immunolabeling with the
other primary antibody was done using in this case the second-
ary antibody conjugated to 15-nm gold particles. Primary anti-
body dilutions were 1:50 in both cases. Samples were viewed
with a Jeol 1010 electron microscope.
Electrophysiological Recordings—Whole-cell currents were

measured with the patch clamp technique. An EPC-9 (HEKA)
amplifier with the appropriate software was used for data
recording and analysis. Currents were filtered at 2.9 kHz. Series
resistance compensation was always above 70%. Patch elec-
trodes of 2–4 megaohms were fabricated in a P-97 puller (Sut-
ter Instruments Co.) from borosilicate glass (outer diameter of
1.2 mm and inner diameter of 0.94 mm; Clark Electromedical
Instruments Co). Electrodes were filled with the 120mMKCl, 1
mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 11 mM EGTA, 20 mM
D-glucose adjusted to pH 7.3 with KOH. The extracellular solu-
tion contained 120 mM NaCl, 5.4 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10mMHEPES, 25mMD-glucose adjusted to pH 7.4with
NaOH. After establishment of a whole-cell configuration, mac-
rophages were clamped to a holding potential of �60 mV, with
seal resistances of at least 2.5 gigaohms. All recordings were
routinely subtracted for leak currents at �50mV online. Only
cells with a series resistance compensation of 80–90% were
selected for analysis. Uncompensated series resistances were
4–8 megaohms, as currents evoked were less than 1nA; volt-
age errors from uncompensated series resistance were less
than 2 mV.
To determine voltage dependence of steady-state activation,

currents were elicited by 200-ms voltage pulses (�50 to �50
mV, Vh) from a holding potential Vh of �60 mV with 10-mV
increments. To ensure complete recovery from inactivation,
cells were repolarized for 45 s at �60 mV. After converting the
steady-state peak outward currents (Ik) into conductances, Gk
(Gk � Ik/(Vh � Ek); Ek, Nernst potential of K� �79 mV), con-
ductances at various membrane potentials were normalized to
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maximal conductanceGmax.G/Gmaxwas plotted versus Vh. The
normalized G/Gmax versus voltage curve was fitted using the
Boltzmann equation, G/Gmax � 1/(1 � exp((V1⁄2

� V)/k)), where
V1⁄2 is the voltage at which the current is half-activated, and k is
the slope factor of the activation curve. To calculate inactiva-
tion time, constants (�) cells were held at �60 mV, and pulse
potentials of 4 s were applied. Inactivation adjustment was cal-
culated from the peak of the current at 50 mV to the steady-
state inactivation, and traces were fitted with Sigma Plot (SPSS
Inc.). To analyze the cumulative inactivation, currents were
elicited by a train of 8 depolarizing voltage steps of 200ms to �
50 mV once every 400 ms.
Oocytes were voltage-clamped with a two-electrode system,

Gene Clamp 500 (Axon Instruments). The voltage and the cur-
rent microelectrodes were filled with KCl (3 M) and had resis-
tances ranging from 0.5 to 1 megaohms. The volume of the
oocyte recording chamber was 200 �l. Recordings were done
under constant bath perfusion (1 ml/min). The bath electrode
was an Ag-AgCl pellet that made contact with the recording
solution (115 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, and 10 mM

HEPES at pH 7.4) through an agar bridge. Membrane potential
and current were digitized through a PCI-MIO-16E-4 Multi-
function I/O Board and NI-DAQ (National Instruments). The
board was controlled by the Whole Cell Analysis Program
(kindly provided by John Dempster, University of Strathclyde).
The signal was filtered at twice the acquisition frequency.
Oocytes were clamped to a holding potential of �60 mV. To
evoke voltage-gated currents, all oocytes were stimulated with
1-s square pulses ranging from �80 mV to �80 mV in 10-mV
steps. To ensure complete recovery from inactivation, oocytes
were repolarized for 60 s at �60 mV. To calculate inactivation
time constants (�), pulse potentials of 5 s were applied. Inacti-
vation adjustment was calculated from the peak of the current
at � 80 mV to the steady-state inactivation, and traces were
fitted with Sigma Plot (SPSS Inc.). Data were leak-subtracted
using hyperpolarizing P/4 subtraction pulses. Data were ana-
lyzed by the Whole Cell Analysis program.
To characterize the voltage-dependent outward K� cur-

rent pharmacologically, recombinant margatoxin (MgTx)
was added to the external solution (8, 11). Toxin was recon-
stituted at 10 �M in Tris buffer (0.1% bovine serum albumin,
100 mM NaCl, 10 mM Tris, pH 7.5). Solutions were perfused
by gravity and controlled by electrovalves (ALA, Scientific
Instruments). All recordings were performed at room tem-
perature (20–23 °C).
Statistics—Values are expressed as the mean � S.E. The sig-

nificance of differences was established by Student’s t test or by
analysis of variance (GraphPad, PRISM 4.0) where indicated. A
value of p 	 0.05 was considered significant.

RESULTS

Macrophages Express Kv1.3 and Kv1.5 Channels—Voltage-
dependent potassium currents were evoked in macrophages by
depolarizing pulses. Fig. 1, A and B, show representative potas-
sium currents in BMDM and Raw 264.7 macrophages, respec-
tively. The current density (picoamperes/picofarads)/voltage
relationships depicted in Fig. 1C indicate that currents in
BMDMwere 3-fold higher than in Raw cells. Fig. 1D shows the
normalized conductance against the test potential. Although
the threshold for activation was about �40 mV in BMDM,
channels opened at �20 mV in Raw macrophages. Whereas k
slopes were similar for both groups (18.3 � 3 and 11.9 � 2 for
BMDM and Raw, respectively, n � 10), V1⁄2 values were signifi-
cantly different (�7.2� 2 and 6.3� 2mV for BMDMand Raw,
respectively, p 	 0.001, n � 10).
Kv1.3 is the main voltage-dependent K� channel in leuko-

cytes (2). This was confirmed by RT-PCR analysis in our cells.
Fig. 1E shows that not only EL-4, a murine T-cell line, but also
macrophages (BMDMandRaw) expressedKv1.3.However, the
presence of Kv1.5 was only observed in macrophages. Mouse
brain and liver RNAs were used as positive and negative con-
trols, respectively. The presence of Kv1.5 protein in both mye-
loid cell lines was further confirmed by Western blot analysis
performed in crude membrane preparations (Fig. 1F).
Contrary to Kv1.5, Kv1.3 is highly sensible to specific toxins

(21). K� currents in BMDM are blocked by Kv1.3 inhibitors
such asMgTx and ShK-Dap22 (8, 11). However, the presence of
Kv1.5 indicates that either Kv1.5 forms homotetrameric com-
plexes or Kv1.5 subunits are assembledwith Kv1.3 in heterotet-
rameric structures that are sensitive to Kv1.3 toxins. Fig. 1G
shows that K� currents in bothmacrophage cell lines are inhib-
ited by the presence of MgTx. The IC50 values were 50 � 5.1
and 772 � 40 pM for BMDM and Raw, respectively (p 	 0.001,
n � 10). MgTx does not block Kv1.5 (21). Therefore, these
results indicate that, although Kv1.5 is expressed, this subunit
does not form homomeric channels in macrophages. However,
Raw and BMDM may differ in the K� channel complex com-
position since biophysical and pharmacological differences
were evident.
Co-localization experiments supported the pharmacological

and biophysical data. Unfortunately, immunocytochemistry
studies with anti-Kv1.3 and anti-Kv1.5 antibodies were unsuc-
cessful, probably due to high levels of Fc receptors expressed in
macrophages. However, since Raw cells have the different
Kv1.3 and Kv1.5 intracellular processing and trafficking pro-
grams, we transfected these cells with Kv1.3-YFP and Kv1.5-
CFP. In general, cells were poorly transfected, but confocal
analysis of double-transfected Raw cells demonstrated that
Kv1.5 co-localized with Kv1.3 at themacrophage plasmamem-

FIGURE 1. Macrophages express voltage-dependent K� channels. Shown are representative traces of K� currents evoked in BMDM (A) and Raw 264.7
macrophages (B). Cells were held at �60 mV, and currents were elicited by depolarizing pulses in 10-mV steps (200-ms duration) from �50 to �50 mV. To
ensure completely recovery from inactivation, cells were repolarized for 45 s at �60 mV. C, current density versus voltage relationship of K� currents. D,
normalized conductance plotted versus voltage. E, mRNA expression of Kv1.3 and Kv1.5. Raw, Raw 264.7 cells; T-cell, EL-4 T-lymphocytes. 1 �g of total RNA was
used in RT-PCR reactions, as described under “Experimental Procedures.” kb, kilobases. F, Kv1.3 (67 kDa) and Kv1.5 (90 and 74 kDa) protein expression in BMDM
and Raw 264.7 macrophages. G, dose-dependent inhibition curves of the K� current by MgTx. Currents were evoked at �50 mV from a holding potential of �60
mV during a pulse potential of 200 ms. The percentage inhibition was calculated by comparing the current at a given concentration of toxin versus that
obtained in its absence. Symbols for panels C, D, and G are: E, BMDM; F, Raw 264.7 macrophages. Values are the mean � S.E.
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brane (Fig. 2,A–D). In this context heteromeric channels could
be immuno-detected by electron microscopy. Using this
approach we detected oligomeric complexes both at the mem-
brane and inside the cell (Fig. 2, E–H). Interestingly, some
immunogold staining was also present at mitochondria (Fig.
2H), in which Kv1.3 has been previously described (22).
Although a similar heteromeric pattern was obtained in dou-

ble-transfected HEK cells (Fig. 2, I
and J), no Kv1.5 immunogold label-
ing was observed in HEK cells
expressing homomeric Kv1.3 chan-
nels (data not shown).
Kv1.3 and Kv1.5 Form Functional

Heterotetrameric Kv Channels in
HEK-293 Cells—If heterotetramer
formation occurs in macrophages,
the electrophysiological and phar-
macological profiles of heterolo-
gously expressed hybrid channels
should be consistent with those
present in native cells. To explore
this hypothesis, we studied the
expression of Kv1.3 and Kv1.5 in
HEK-293 cells (Fig. 3). We first ana-
lyzed whether our constructs were
fully functional and generated K�

currents. Fig. 3, A–C, shows that
HEK cells transfected with Kv1.3-
YFP evoked K� currents. Similar
results were obtained with Kv1.5-
CFP (Fig. 3,D–F). In addition, Kv1.3
and Kv1.5 co-localized in double-
transfected HEK cells, and as a
result, K� currents were a mixture
of those generated by homomeric
channels (Fig. 3,G–J). Although the
threshold voltage for activation was
about �40mV in homomeric Kv1.3
and hybridKv1.3/Kv1.5 channels, in
Kv1.5 channels it was �20 mV.
Plots of normalized conductance
against membrane potential for
Kv1.3-, Kv1.5-, andKv1.3/Kv1.5-ex-
pressing cells are shown in Fig. 3K.
Although V1⁄2 values were �23.6 �
0.9 and �6.7 � 0.7 mV for Kv1.3
and Kv1.5, respectively, the het-
erotetramer showed a half-activa-
tion voltage of�20.1� 1.2mV. Fur-
thermore, k slope values were 10.6 �
1, 7.2 � 1, and 10.7 � 1 for Kv1.3,
Kv1.5, and theKv1.3/Kv1.5heterotet-
ramer, respectively (n � 10).

Although Kv1.5 is resistant to
MgTx, both homomeric Kv1.3
and heterotetrameric Kv1.3/Kv1.5
channels are highly sensitive to this
toxin (Fig. 3, L and M). However,

although Kv1.3 was inhibited with an IC50 of �336 pM, hybrid
Kv1.3/Kv1.5 channels were fully blocked but were much less
sensitive toMgTx (IC50 � 25 nM). As observed inmacrophages
(see above), sensitivity to the toxin indicates that Kv1.5 is not
expressed as a homomultimeric channel in HEK cells rather
than forming heteromeric complexes with Kv1.3. The charac-
teristic C-type inactivation of Kv1.3 is absent in Kv1.5 (21, 23).

FIGURE 2. Kv1.3 and Kv1. 5 co-localize at the macrophage membrane. Shown is confocal imaging of Kv1.3-
YFP and Kv1.5-CFP co-transfected Raw 264.7 cells. A, phase image of a Raw macrophage. Kv1.3-YFP (B) and
Kv1.5-CFP (C) are expressed on the cell surface. D, overlay of the two images demonstrating co-localization of
both proteins at the macrophage membrane. Bars indicate a 2-�m scale. Panels E–J, electron microscopy of
Kv1.3 (15-nm gold) and Kv1.5 (10-nm gold) in non-transfected Raw 264.7 (E–H) and HEK-293 (I–J) cells.
E, negative control using secondary antibodies. F, Raw cells expressing Kv1.3 and Kv1.5. G, hybrid channel
detection. H, Kv1.3 channel detection at mitochondria. I–J, HEK cells transfected with Kv1.3 and Kv1.5. I, nega-
tive control using secondary antibodies. J, hybrid channel detection. Bars indicate 200 nm and 500 nm in Raw
and HEK cells, respectively. Boxes are magnified for detail. Black arrowhead, Kv1.5; white arrowhead, Kv1.3;
arrows, homo- and heteromeric channels.
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Thus, the presence of the latter in MgTx-sensible hybrid chan-
nels increased the time constant of inactivation in HEK cells
(555 � 40 ms and 832 � 100 ms for Kv1.3 and Kv1.3/Kv1.5 at
�50mV, respectively, p	 0.05), further demonstrating hetero-
meric Kv1.3/Kv1.5 association. In addition, panels on Fig. 3N
show that, although the immunoprecipitation with anti-Kv1.3
antibody was not fully effective, Kv1.5 co-immunoprecipitated
with Kv1.3 in double-transfected HEK cells. Thus, confocal
imaging, immunoprecipitation, and immunogold detection by
electronmicroscope (see Fig. 2J) indicated that Kv1.3 andKv1.5FIGURE 3. Kv1.3 and Kv1. 5 heterotetramers are functional voltage-de-

pendent potassium channels when expressed in HEK-293 cells. A–C,
Kv1.3-YFP generates K� currents. A, phase image of a representative HEK cell.
B, a confocal image demonstrating that the Kv1.3 channel targets the mem-
brane. C, outward-delayed rectifier K� currents in Kv1.3-YFP transfected cells.
D–F, Kv1.5-CFP also generates K� currents when expressed in HEK-293 cells.
D, phase micrograph of a HEK cell. E, expression of Kv1.5-CFP. F, outward-
delayed rectifier K� currents in Kv1.5-CFP transfected cells. G–J, Kv1.3-YFP
and Kv1.5-CFP co-localize in doubly-transfected HEK cells. G, Kv1.3-YFP. H,
Kv1.5-CFP. I, overlay of the two images. Yellow signifies co-localization. J, K�

currents generated in doubly transfected HEK cells. To evoke K� currents, HEK
cells were held at �60mV, and pulse potentials were applied as described in
Fig. 1. K, plot of normalized conductance versus test potential. Conductance
was normalized to the peak current at �50 mV. L, dose-dependent inhibition
curves of the K� current by MgTx. Peak currents were evoked at �50 mV, and
the percentage inhibition was calculated as described in Fig. 1. M,

representative normalized traces obtained upon depolarization from �60
mV to �50 mV of Kv1.3 (left), Kv1.3/Kv1.5 (center), and Kv1.5 (right) expressed
in HEK cells. After establishing the patch clamp configuration, currents were
evoked at �50 mV. MgTx was further added to the bath chamber, and record-
ings were obtained after 1 min. Symbols for panels K and L are: E, Kv1.3; F,
Kv1.3/Kv1.5; f, Kv1.5. Values are the mean � S.E. N, Kv1.3 and Kv1.5 co-asso-
ciate in HEK cells. Immunoprecipitation experiments were performed in dou-
bly transfected cells. Enriched membrane preparations (EMP) were immuno-
precipitated (IP) with anti-Kv1.3 antibodies. The starting material (enriched
membrane preparations (EMP) and the immune-precipitated supernatant
(IPS) were further immunoblotted with anti-Kv1.5. Immunoprecipitates (IP)
with anti-Kv1.3 were immunoblotted (WB) with anti-Kv1.3, anti-Kv1.5 serum
and preimmune serum.

FIGURE 4. Molecular association of Kv1.3 and Kv1.5. HEK cells were dou-
bly transfected with Kv1.3-YFP and Kv1.5-CFP, and FRET was performed.
A representative experiment is shown. A–D, fluorescence signal of Kv1.3-YFP
and Kv1.5-CFP before (A and B) and after (C and D) photobleaching of YFP,
respectively. The region studied is delimited by the box. E, FRET panel repre-
senting the difference in CFP fluorescence intensity before and after photo-
bleaching. F, FRET efficiency of different combinations. Kv1.3-YFP/Kv1.3-CFP
was used as a positive control. Negative controls were performed with cells
expressing Kv1.3-YFP/CFP and Kv1.5-CFP alone.
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co-localized at the membrane and co-assembled, forming a
functional heteromeric complex. However, to further confirm
this physical association, we undertook FRET analysis (Fig. 4).
A confocal section of doubly labeled cells before photobleach-
ing is shown in panels A and B. Once the long-wavelength flu-
orescence of the acceptor was eliminated (panel C), the donor
intensity was measured again (panel D), and FRET efficiency
was calculated (panels E and F). The mean FRET efficiency of
homotetrameric Kv1.3 channels (Kv1.3-CFP/Kv1.3-YFP) indi-
cated an increment significantly greater than 0% (8%). Similar
results were obtained with hybrid Kv1.3/Kv1.5 channels. How-
ever, neither Kv1.3-YFP with CFP nor Kv1.5-CFP gave FRET
efficiency different from 0%. Our results confirm molecular
proximity between Kv1.3 and Kv1.5, as reported by co-immu-
noprecipitation, co-localization, and electron microscopy.

Heteromultimeric Assembly of
Kv1.3 and Kv1.5 in Xenopus
Oocytes—To analyze heterotet-
rameric compositions of the func-
tionalKvcomplex,we injectedseveral
ratios of cRNA fromKv1.3 and Kv1.5
into Xenopus oocytes. Oocytes were
divided into 5 groups and injected
with Kv1.3 (10 ng), Kv1.5 (10 ng), or
various ratios of Kv1.3 and Kv1.5
(final amount 10 ng). Fig. 5 shows
representative traces of all groups.
Membrane currents in oocytes
injected with Kv1.3 or Kv1.5 alone
were essentially the same as those
previously described (9, 24). Similar
to that observed in HEK cells,
homomeric Kv1.3 generated a
delayed rectifier K� channel with a
moderate degree of inactivation
(Fig. 5A). However, depolarizing
pulses in Kv1.5-injected oocytes
evoked a non-inactivating K� cur-
rent. Co-expression of Kv1.3 and
Kv1.5 resulted in voltage-dependent
K� currents with properties distinct
from those of homomultimeric chan-
nels. Increasing concentrations of
Kv1.5 range from currents very sim-
ilar to homomeric Kv1.3 (3 Kv1.3:1
Kv1.5) to resemble Kv1.5 alone (1
Kv1.3: 3 Kv1.5). The steady-state
activation ofK� currents is depicted
in Fig. 5B. Normalized conduc-
tances demonstrated that, whereas
in homomeric Kv1.3 or high ratios
of Kv1.3 channels the threshold
voltage for activation ranged from
�40 to �30 mV, in either Kv1.5 or
high ratios of Kv1.5 channels
threshold voltage was about �20
mV. Increasing concentrations of
Kv1.5 shifted the half-activation

voltage to more positive potentials. Thus, V1⁄2 values were
�11.3� 3,�9.8� 1,�6.4� 2, 0.1� 3, and 2� 3mV forKv1.3,
hybrids Kv1.3/Kv1.5 (3:1, 1:1, 1:3), and Kv1.5, respectively (p 	
0.001, analysis of variance). In addition, k slope values were
almost similar in all groups, 15.6� 2, 11.8� 1, 15.2� 2, 17.1�
3, and 16.9� 9 forKv1.3, hybridsKv1.3/Kv1.5 (3:1, 1:1, 1:3), and
Kv1.5, respectively. Pharmacological studies indicate that, sim-
ilar towhatwas observed inHEKcells, the presence of Kv1.5 led
to lessMgTx-sensitive K� currents (Fig. 5C). Thus, higher IC50
were obtained as a result of increasing Kv1.5 ratios, which were
47 � 10 (Hill coefficient 1.1), 153 � 40 (Hill coefficient 0.51),
313 � 80 (Hill coefficient 0.54), and 568 � 90 (Hill coefficient
0.54) pM for Kv1.3 and hybrids Kv1.3/Kv1.5 (3:1, 1:1, 1:3),
respectively (p 	 0.001, analysis of variance). Finally, the time
constant of inactivation at �80 mV also increased and were

FIGURE 5. Expression of different ratios of Kv1.3 and Kv1.5 in Xenopus oocytes. A, representative traces of
K� currents evoked in oocytes injected with different ratios of Kv1.3 and Kv1.5. Pulse protocols are shown. To
ensure complete recovery from inactivation, cells were repolarized for 60 s at �60 mV. Maximum conductance
values (�80 mV) were always between 5 and 10 microsiemens, with a mean of 9.3 � 2.2 microsiemens. B, plot
of normalized conductance against test potential. C, IC50 for margatoxin-sensitive K� currents in homo- (Kv1.3)
and various heterotetrameric (Kv1.3/Kv1.5) channels. Currents were evoked at �80 mV from a holding poten-
tial of �60 mV during a pulse potential of 1 s. Values are mean � S.E. of at least five independent oocytes.
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526 � 50, 833 � 70, 963 � 50, 1470 � 250, and �5000 ms for
Kv1.3, hybrids Kv1.3/Kv1.5 (3:1, 1:1, 1:3), and Kv1.5, respec-
tively (p 	 0.001, analysis of variance).
Kv heteromeric Composition Changes in Macrophages Alter-

ing Pharmacology and Biophysics—Our results have physiolog-
ical significance because Kv channels in leukocytes are consid-
ered pharmacological targets, and the composition of the
channel complex could impair potential therapies. Thus, differ-
ential regulation of Kv1.3 and Kv1.5 could modify the subunit
composition of the channel, altering the biophysical and phar-
macological properties. To ascertain this, we cultured Raw

macrophages in the presence of
TNF-� (Fig. 6). This cytokine, pro-
duced by leukocytes under a sys-
temic inflammatory response, acti-
vatesmacrophages and regulates Kv
(8, 25). The addition of TNF-� for
24 h increased outward-delayed
rectifier K� currents up to 3-fold.
Half-activation voltage shifted to
negative potentials (7.9 � 1.6 and
�6.8 � 1.5 mV for control and
TNF-�, respectively, p 	 0.001, n �
30), and k slope values were differ-
ent (11.5 � 1.3 and 6.5 � 1.2 for
control and TNF-�, respectively,
p 	 0.001, n � 30). In addition,
whereas this cytokine induced
Kv1.3 protein expression, Kv1.5
abundance remained constant.
Other functional parameters also
support an increase of Kv1.3 sub-
units in TNF-�-activated cells.
Thus, an �10-mV hyperpolarized
shift in the membrane potential
(data not shown) and a decrease of
the IC50 for Margatoxin (772 � 40
and 319 � 48 pM, p 	 0.001) were
observed in cells treated with the
cytokine. Because Kv1.3 is involved
in macrophage activation (8, 10),
our results are consistent with an
increased number of Kv1.3 sub-
units, either as homomeric Kv1.3 or
hybrid Kv1.3/Kv1.5 channels.
TNF-�-induced activation aswell

as the differential expression of
Kv1.3 and Kv1.5 in different cell
types modifies the Kv1.3/Kv1.5
ratio, altering the cellular excitabil-
ity and leading to functional conse-
quences. High Kv1.3/Kv1.5 ratios,
as observed in BMDM and TNF-�-
activated Raw cells (Fig. 7A), are in
agreement with more hyperpolar-
ized half-activation voltages, rapid
inactivation time constants, more
cumulative inactivation, and lower

IC50 forMgTx (Fig. 7,B–E). However, lowKv1.3/Kv1.5 ratios as
observed in control Raw cells would modify kinetics and alter
pharmacology.

DISCUSSION

This study demonstrates that Kv1.3 and Kv1.5 can form het-
erotetrameric structures and suggests that Kv1.3/Kv1.5 hybrid
K� channels contribute to the major Kv channel in macro-
phages. Furthermore, our data also show that the Kv1.3/Kv1.5
ratio may vary in the Kv complex, leading to biophysically and
pharmacologically distinct channels.

FIGURE 6. TNF-� differentially regulates Kv1.3 and Kv1.5 concomitantly to biophysical and pharmaco-
logical changes of K� currents in Raw 264.7 macrophages. Cells were incubated for 24 h in the presence or
absence of TNF-�. A, representative traces of K� currents elicited by a �50-mV depolarizing pulse (200 ms) in
control and TNF-�-treated Raw cells. B, current density versus voltage relationship of K� currents. C, normalized
conductance plotted against test potential. D, dose-dependent inhibition curves of the K� current by MgTx.
Currents were evoked, and the percentage inhibition was calculated as described in Fig. 1. Symbols in panels
B–D are: F, control; E, TNF-�. E, Kv1.3 and Kv1.5 Western blot analysis of enriched membrane preparations
from Raw macrophages in the absence (Control) or the presence (TNF-�) of the cytokine. Representative blots
are shown. �-act, �-actin. F, Kv1.3 and Kv1.5 protein expression values derived from panel E. In all cases arbitrary
units are standardized to the control value in the absence of TNF-�. Open bars, control; closed bars, TNF-�.
Values are the mean � S.E. of at least three independent experiment. **, p 	 0.01 versus control (Student’s t
test).
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Although heteromeric structures between either Kv1.3 or
Kv1.5 and other Kv1 subunits had been described (7, 26–29),
our study demonstrates for the first time that Kv1.3 assembles
with Kv1.5 to generate functional Kv complexes. Thus, similar
to nerve and muscle, in macrophages it is difficult to assign
currents to specific channels. Tissue localization and the
absence of currents other than those generated by homomeric
channels argue against certain Kv complexes (30–32). Thus,
the assembly of Kv1.3 with Kv1.1 and Kv1.2 was questioned by
immunohistochemical localization in mouse rod bipolar cells
(30). In addition, a differential distribution also argues against a
heteropolymer between Kv1.1 and Kv1.5 in Schwann cells (31).
In contrast, Kv1.5 co-assembles with Kv1.2 and Kv1.4 in GH3

pituitary cells, brain cortex, and the cardiovascular system (7,
17, 26). However, in GH3 cells, up to 70% of the channels were
pharmacologically identified as Kv1.5 homomers (17). This is
not the case in murine macrophages, since the presence of
Kv1.5 in heterotetrameric Kv1.3/Kv1.5 channels induced a shift
to positive potentials concomitantly with a loss of sensitivity to
MgTx. Unlike Kv1.5, Kv1.3 and hybrids Kv1.3/Kv1.5 are highly
sensitive to MgTx. Our data argue against homotetrameric
channels consisting of Kv1.5, but the presence of Kv complexes
generated only by Kv1.3 cannot be ruled out.
Kv1.3 subunit is the main responsible for outward-delayed

rectifier potassium currents in leukocytes (2). Nonetheless,
although half-activation voltages of Kv1.3 currents in T-cells
range from �14 to �35mV,V1⁄2 values are more depolarized in
BMDM and Raw macrophages (Refs. 8 and 11 and this study).
Unlike T-cells, macrophages express Kv1.5, which shows more
positive potentials when expressed in heterologous expression
systems (10). In brain macrophages, a switch from Kv1.5 to
Kv1.3 during cell growth was described, and the half-activation
voltage of the Kv currents was shifted �17 mV to hyperpolar-
ized values in proliferating cells (10). This is similar to what we
found in BMDM and TNF-�-activated Raw cells, where nega-
tive shifts could be caused by higher Kv1.3/Kv1.5 ratios. In this
scenario, pharmacological and gating parameters in oocytes
expressing different Kv1.3/Kv1.5 ratios support the contribu-
tion of different heteropolymeric complexes to the major Kv in
BMDM and Raw macrophages. Whereas BMDM exhibit V1⁄2

and IC50 values similar to Kv1.3 homo and Kv1.3/Kv1.5 (3:1)
heterotetrameric structures, Raw macrophages were more like
Kv1.3/Kv1.5 (1:1 or 1:3).
A change in the Kv1.3/Kv1.5 ratio in the Kv complex would

affect kinetic parameters and pharmacology. Because TNF-�
induces differential regulation of K� channels (8, 11, 25), our
results are consistent with the possibility that the cytokine
alters the stoichiometry of the subunits in the channel. In addi-
tion, a new composition could also affect the interaction with
the Kv� subunits in macrophages, thus modifying the gating
kinetics (11). Association or lack of association with endoge-
nous�-subunits could also affect the phenotype of the resulting
current. Our data show that potassium channels from activated
cells are more sensitive to small changes in the membrane
potential. Thus, these cells would be more excitable at negative
potentials. In this context it has been described that a depolar-
izing change of �25 mVmodifies IL-2 production, thus reduc-
ing the activation and antibody production of lymphocytes (34).
Hormones and cytokines may produce long-term effects on
excitability by regulating K� channel gene expression.
Although Kv1.3 expression is induced during activation and
apoptosis, down-regulation is associated with immunosup-
pression (18). Dexamethasone, a glucocorticoid antagonist,
induces Kv1.5 expression in pituitary cells and cardiomyocytes
and inhibits Kv1.3 in T-cells (16–18). Panyi et al. (35, 36)
located Kv1.3 in the immunological synapse between cytotoxic
and target cells. Activating cytokines would increase the
amount of Kv1.3 subunits, forming either homo- or heterotet-
rameric structures, and changes inKv compositionwouldmod-
ify membrane excitability within the immunological synapse
between T-lymphocytes and macrophages. Thus, hormones

FIGURE 7. Variations in the Kv1.3/Kv1.5 ratio are correlated with changes
in biophysical and pharmacological properties of K� currents in macro-
phages. A, Kv1.3/Kv1.5 ratios in BMDM and Raw cells cultured in the presence
or the absence of TNF-� were calculated from Western blots similar to those
shown in Figs. 1 and 6 and standardized to the value of control Raw 264.7
cells. Values are the mean � S.E. of at least three independent experiments.
B, half-activation voltage of K� currents in macrophages. Values were calcu-
lated from steady-state activation curves of the outward current. Conduct-
ance was normalized to the peak current at �50 mV. C, time constant of
inactivation (�). Cells were held at �60 mV, and a � 50 mV pulse potential
was applied during 4 s. D, percentage of cumulative inactivation. Currents
were elicited by a train of 8 depolarizing voltage steps of 200 ms to �50
mV once every 400 ms. The percentage was calculated as a result of the
difference between the peak current at the first pulse and the remaining
current at the last. E, IC50 values of the K� current in the presence of MgTx.
Currents were evoked, and the percentage inhibition was calculated as
described in Fig. 1. Open bars, BMDM; closed bars, control Raw 264.7 cells;
gray bars, TNF-�-activated Raw 264.7 cells. **, p 	 0.01; ***, p 	 0.001
versus control (Student’s t test).
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and cytokines can affect the expression of cell surface homo-
meric and heteromeric channels in different ways, leading to
specific alteration of excitability.
In summary, our results demonstrate that Kv1.3 and Kv1.5

form heterotetrameric K� channels in macrophages. In addi-
tion, the physiological regulation of the Kv channel subunit
stoichiometry may be an important mechanism triggering the
specific immune response. The findings of the present study are
of interest sinceK� channels in leukocytes are considered phar-
macological targets in autoimmune diseases (33), and as we
demonstrate, different channel composition may change bio-
physical properties and alter the use of potential drug therapies.
Macrophages present antigens to infiltrating T-lymphocytes,
and the predominance of Kv1.3 in activatedmacrophages could
generate more specific drug-sensitive complexes leading to
more effective therapies.
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